Activator impurities and their distribution in the host lattice play a key role in scintillation phenomena. Here a combination of cross-sectional noncontact atomic force microscopy (nc-AFM), X-ray photoelectron spectroscopy (XPS) and density functional theory (DFT) was used to study the distribution of Eu 2+ dopants in a NaI scintillator activated by 3% of EuI2. Two types of precipitate structures were found. First, needle-shaped EuI2 precipitates with a layered structure are likely responsible for scattering the scintillation light. In transparent crystals with good scintillation properties, precipitates with a cubic crystal structure and a size below 4 nm were found. A surprisingly low concentration of point defects was detected in all of the investigated samples. Upon annealing, Eu segregates towards the surface, which results in the formation of an ordered hexagonal overlayer with the EuI2 composition and a pronounced, unidirectional moire pattern.
Scintillating materials continue to attract increasing attention due to their use in medical instruments, radiation security, and scientific devices. One important class of scintillators is represented by halide materials activated by impurity dopants [1] . In particular, Tl-doped NaI [2] has maintained an important position in radiation detection systems for many decades, until it was superseded by Ce-doped LaBr 3 [3] . In the last decade, the application of divalent Eu-doped halides such as SrI 2 has undergone rapid growth due to their excellent light yields; e.g., SrI 2 :Eu 2+ can convert gamma rays or highenergy particles into blue scintillation light with impressive yields up to ≈100,000 photons/MeV [4] [5] [6] [7] .
The scintillator performance is closely linked to the activator doping level: Higher doping levels can increase the scintillator light yield, thereby improving the energy resolution. However, at higher dopant concentrations, selfabsorption phenomena, dopant segregation (precipitate formation), and other deleterious absorption phenomena can occur; this is especially prevalent when the dopant's charge state differs from the cations in the host crystal lattice. In particular, precipitate particles scatter scintillation light, decrease the optical transmission properties, and thereby reduce the radiation detection capabilities. Typical doping thresholds for precipitate formation can lie well below 1% [8] , and this process strongly depends on the crystal history, including treatments such as annealing, quenching, or radiation absorption [8] . Precipitates were initially studied by Suzuki in alkali halides doped by divalent impurities [9, 10] . A prototypical cubic structure called a Suzuki precipitate, based on a combination of substitutional cation dopants and cation vacancies was identified by X-ray diffraction. Several studies have indicated the existence of other precipitate types [11] [12] [13] [14] [15] [16] , whose structures are not definitively established.
Here, we focus on the defect chemistry of NaI crystals with a high Eu doping level of 3%. The as-grown crystals are optically white and opaque, indicating the presence of precipitate particles. Post-growth annealing to 400
• C and rapid cooling in Ar or He vapor renders the material transparent and provides excellent scintillating properties. A similar post-growth treatment has previously been proven to be efficient for LiI:Eu [16, 17] . Currently there is relatively little experimental information regarding the atomic-scale structure of many scintillating centers. The ability to characterize structural properties of scintillators is limited by their insulating character and low stability upon electron-beam irradiation. Here we use cross-sectional noncontact atomic force microscopy (nc-AFM) to probe the defect chemistry of as-grown and thermally treated NaI:Eu crystals. Recent improvements in the technique [18, 19] allow for investigations of even complex insulating materials, and achieving atomic resolution of both point defects and precipitated structures. AFM has been employed previously for studying alkali halides doped by various divalent impurities [20] [21] [22] [23] , and Suzuki precipitates with sizes of ≈100 nm were found. Here we show that the defect chemistry of the Eu 2+ dopants differs significantly from the previously reported results, and we relate the structure to the scintillator properties. Figure 1 shows results of cross-sectional analysis of the as-grown samples. A typical overview image is presented in Fig. 1a ; the inset shows a photo of the as-grown crystal that is white and nontransparent to the scintillation light. The AFM image shows atomically flat terraces with rod-like features oriented along the [110] and [110] directions (marked by arrows 'c' and 'd' in the figure) . Additionally, spot-like features are found (see arrow 'e'). Examples of atomically resolved constant-height AFM images of these objects are shown in Figs. 1b-e. The flat portions of the surface show bulk-terminated (1×1) NaI (001) with a negligible concentration of point defects, below 0.2 atomic % (see Fig. 1b Fig. S1 . Here the atomic arrangement differs from the host lattice; the predominant texture corresponds to a hexagonal lattice with occasional glide planes and height variations. We attribute these structures to precipitates, i.e., regions with an increased Eu concentration. Lastly, Fig.1e shows the details of one of the bright spots from Fig. 1a . Here we find a structure of ca. 4×4 nm 2 with a poorly defined atomic ordering.
In all AFM images in the main text, atomic resolution stems predominantly from repulsive interaction above surface I atoms (bright spots). AFM imaging of ionic lattices is tip-dependent [24] [25] [26] [27] [28] ; we consistently present images measured with anion-terminated tips. Examples of images measured with a cation-terminated tip are shown in Fig. S2 . A bright contrast in the AFM images can also correspond to a step down, as in Fig. 1c,d . Here a lower-lying atomic layer provides lower attractive forces • C, and c) 250
• C, respectively. d) Constant-height image of the segregated phase, e) detail of the precipitate imaged at a tip-sample distance of ≈100 pm closer compared to e). f) The (1×1) phase (from a crystal annealed to 153
• C), showing point defects. Arrows highlight the different orientations of the defects. The inset shows a detailed AFM image of the defect.
in these constant-height AFM images.
Results obtained on the quenched samples are summarized in Figure 2 . Even though the nominal doping level is identical, these crystals are optically transparent, see the inset in Fig. 2a . A representative overview AFM image of the cleaved sample is shown in Fig. 2a . The surface contains flat regions with the (1×1) bulk-termination (see detail in Fig. 2b ) and many small protrusions (marked by arrows). The bulk-terminated regions again exhibit a low defect density (below 0.3%). Detailed images of the protrusions are shown in Figs. 2c-e. These features protrude typically 1-3 atomic layers above the surface plane and retain the cubic crystal structure. The protruding parts are again attributed to precipitates with an increased Eu concentration, because the defect density in the flat regions is an order of magnitude below the nominal doping level.
We have used controlled sample annealing to gain new information regarding the precipitate structure. Previous AFM studies indicated dopant segregation and surface precipitate formation upon annealing [20, 22] (Fig. 3a) . In the temperature range from 150 to 200
• C, the surface becomes homogeneously covered by the precipitates (Fig. 3b) . Surprisingly, the area of the precipitates decreases after further annealing above 200
• C; here the surface contains both, regions with the (1×1) phase, and regions with the precipitates (Fig. 3c) . Figure 3d ,e shows the atomic structure of the precipitates formed by annealing; the same hexagonal atomic arrangement as in Fig. 1 is found.
The detailed AFM images in Fig. 3d ,e (more images in Fig. S3 ) enable us to achieve an understanding of the nature of the precipitates that is, rather difficult to realize from the as-cleaved surface shown in Fig. 1 . Even though the surface appears 'striped' at larger tip-sample distances (Fig. 3d) , a closer approach with the AFM tip shows that the hexagonal atomic arrangement is homogeneous across the whole surface and that the 'stripe' pattern is a moire effect. We estimate the vertical corrugation of the moire as ≈120 pm and the moire periodicity as (9×1) compared to the underlying (1×1) bulk structure; the unit cell is marked in Fig. 3e . Interestingly, after annealing the regions with the (1×1) termination reproducibly show a specific type of point defects in a concentration of(0.7±0.2)%. These defects appear as bright spots with a darker region on one side (see the inset); 4 different orientations are possible. A prototypical configuration expected for a single Eu 2+ dopant is in a substitutional position, replacing a Na + cation. Such a defect must be coupled with a neighboring Na vacancy to maintain charge neutrality [14] . The defects in Fig. 3f fit this scheme well, and the image indicates that the Na vacancy prefers locations in the surface layer, while the Eu atom is located subsurface. According to DFT calculations (see Fig. S4 for details), this arrangement is >170 meV more favorable than other configurations of this defect. Kelvin Probe Force Microscopy (KPFM) spectra measured above these defects are consistent with the formal negative charge of the surface Na vacancy [28, 29] (see Fig. S5 ). Importantly, our ability to observe these defects confirms that the crystals shown in Figs. 1 and 2 
FIG. 4.
XPS measurements a) Overview XPS spectra measured at room temperature and during annealing to 125
• C. The inset shows the sample scintillation excited by the X-ray source. b) detailed spectra of Eu 3d, c) Na 1s and d) I 3d peaks after annealing to various temperatures.
XPS measurements provide information about the surface chemical composition at various stages of annealing, see Fig. 4 . The overview spectra exclude any significant contamination -only Na, I, and Eu are present. The spectra confirm Eu segregation towards the surface upon annealing. The signal of Na decreases with the increasing Eu content in the near-surface region, while the amount of Iodine does not undergo significant changes. Detailed XPS spectra (Fig. 4b-d) show that the Eu signal reaches its maximum at ≈175
• C and slightly decreases after further annealing, consistent with the AFM images in Fig.  3 , which also first show an increase and then a decrease in the area covered by the precipitate.
The strong decrease in the Na XPS signal indicates that the segregating phase has the EuI 2 composition. We attribute the remaining Na signal at the surface fully covered by the precipitate to a signal from subsurface layers. It seems plausible that a thin film of EuI 2 forms at temperatures below 200
• C. Annealing to higher temperatures could possibly change the character of the precipitate phase from 2D to 3D and this could explain why the (1×1) phase reappears after annealing above 200
• C (Fig.  3c) . All of the XPS data are consistent with the charge states of Na 1+ , I 1− and Eu 2+ ; apparent peak shifts are attributed to sample charging or local variations of the electrostatic potential in the precipitate phases [20] .
Precipitates in Figures 1 and 3 show the same texture in AFM images, indicating that they are derived from the same crystal structure. Results obtained on the annealed surfaces (Figs. 3 and 4) are, therefore, invaluable for solving the atomic structure of the precipitates found in the as-grown crystals (Fig. 1) . These precipitates are inconsistent with the cubic Suzuki structure, and also do not match any known bulk structure of EuI 2 [30] . Our results can be rationalized by a structure based on trilayers of I-Eu-I. The related materials CaI 2 [6, 31] or CdI 2 [32] have a bulk crystal structure of this type, where such trilayers are coupled together by weak interactions (see Fig. 5a ).
We have calculated the stability of such a layered EuI 2 structure (P3m1) and compared it to the standard bulk structure of EuI 2 (Pnma). The calculations show that these structures are almost isoenergetic; the energy difference is 15 meV per EuI 2 unit (see Fig. S6 for details) . The calculated lattice parameters show an exact match with the observed moire pattern, see Fig. 5b . The layered EuI 2 structure has the Iodine atoms arranged in a haxagonal lattice, with an I-I distance of 4.73Å. Overlaying this lattice (red) on the square NaI lattice (black) exactly reproduces the (9×1) moire pattern observed in the experiment. The lattice mismatch along the perpendicular direction is only 3.5%, which allows for a commensurate arrangement and explains the stripe orientation along the <110>.
The elongated precipitates, which were found in the bulk NaI:Eu scintillators (Figure 1 ) are also consistent with this structure. They have a characteristic width, which equals approximately to one period of the moire. The EuI 2 trilayer is a polarity-compensated [33] entity, therefore these platelets preferably orient parallel to the (001) plane of NaI. This facilitates an easy cleavage and allows us to image the exposed iodine sublattice of the precipitates. The precipitates preferably orient along the <110> directions due to the lattice match (Fig. 5c) Fig. 5c ). Such structures would create dot-like features upon cleavage, which are indeed found at the surface (Fig. 1e) .
A detailed structure of the interface between NaI and EuI 2 is beyond the scope of this study. The moire pattern shown in Fig. 3d ,e is not perfectly periodic, which indicates that binding to the substrate is stronger than a simple van der Waals interaction. Also, the dot-like objects (Fig. 1e) , which are attributed to a cross-sectional cut of these structures, are usually more complex than a simple plate-like structure.
Summarizing our results, we have found two types of precipitate structures in the NaI:Eu crystals. The layered EuI 2 precipitates appear very interesting; EuI 2 does not adopt the P3m1 layered structure in its bulk form, but apparently it can exist inside a salt matrix. Several prior studies indicate the existence of similar precipitates in other systems [11] [12] [13] [14] [15] [16] , but their atomic structure has never been solved. These precipitates may be interesting for other applications beyond scintillation because of the unique properties of Eu 2+ in light absorption/emission and due to the fact that the precipitates can be well-confined in size (Fig. 1a) , forming quantumdot-like structures. In addition, the layered structure of EuI 2 is characteristic for a wide class of metal dichalcogenides (like MoS 2 ), which generally show excellent performance in optoelectronics [34] . A striking observation is the almost complete absence of point Eu dopants in all investigated crystals. Scintillation in these crystals, therefore, likely originates from precipitate structures, indicating that nanometer-sized precipitates are not an impediment to good scintillation properties.
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